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Magnetization switching by current-induced spin-orbit torques (SOTs) is of great 
interest due to its potential applications for ultralow-power memory and logic 
devices. In order to be of technological interest, SOT effects need to switch 
ferromagnets with a perpendicular (out-of-plane) magnetization. Currently, 
however, this typically requires the presence of an in-plane external magnetic 
field, which is a major obstacle for practical applications. Here we report for the 
first time on SOT-induced switching of out-of-plane magnetized 
Ta/Co20Fe60B20/TaOx structures without the need for any external magnetic fields, 
driven by in-plane currents. This is achieved by introducing a lateral structural 
asymmetry into our devices during fabrication. The results show that a new 
field-like SOT is induced by in-plane currents in such asymmetric structures. 
The direction of the current-induced effective field corresponding to this new 
field-like SOT is out-of-plane, which facilitates switching of perpendicular 
magnets. This work thus provides a pathway towards bias-field-free SOT 
devices. 
Breaking of structural symmetries of nanomagnetic systems is of great interest 
for the development of ultralow-power spintronic devices. The structural asymmetry 
in various magnetic heterostructures has been engineered to reveal novel fundamental 
interactions between electric currents and magnetization, resulting in 
spin-orbit-torques (SOTs) on the magnetization
1-6
, which are both fundamentally 
important and technologically promising for device applications. Such SOTs have 
been used to realize current-induced magnetization switching
2-4, 7
 and domain-wall 
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motion
8-10
 in recent experiments. Typical heterostructures exhibiting SOTs consist of a 
ferromagnet (F) with a heavy nonmagnetic metal (NM) having strong spin-orbit 
coupling on one side, and an insulator (I) on the other side (referred to as NM/F/I 
structures, shown schematically in Fig. 1a, which break mirror symmetry in the 
growth direction). In terms of device applications, the use of SOTs in NM/F/I 
structures allows for a significantly lower write current compared to regular 
spin-transfer-torque (STT) devices
4
. It can greatly improve energy efficiency and 
scalability
1-5, 11
 for new SOT-based devices such as magnetic random access memory 
(SOT-MRAM), going beyond state-of-the-art STT-MRAM. 
For practical applications, a critical requirement to achieve high-density SOT 
memory is the ability to perform SOT-induced switching without the use of external 
magnetic fields, in particular for perpendicularly-magnetized ferromagnets, which 
show better scalability and thermal stability as compared to the in-plane case
12
. 
However, there are currently no practical solutions that meet this requirement. In 
NM/F/I heterostructures studied so far, the form of the resultant current-induced SOT 
alone does not allow for deterministic switching of a perpendicular ferromagnet, 
requiring application of an additional external in-plane magnetic field to switch the 
perpendicular magnetization
2-4
. (This is a very general feature of SOT devices, which 
can be explained by symmetry-based arguments, as discussed below). In such 
experiments, the external field allows for each current direction to favor a particular 
orientation for the out-of-plane component of magnetization, thereby resulting in 
deterministic perpendicular switching. However, this external field is undesirable 
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from a practical point of view. For device applications, it also reduces the thermal 
stability of the perpendicular magnet by lowering the zero-current energy barrier 
between the stable perpendicular states, resulting in a shorter retention time if used for 
memory. 
This work provides a solution to eliminate the use of external magnetic fields, 
bringing SOT-based spintronic devices such as SOT-MRAM closer to practical 
application. We present a new NM/F/I structure, which provides a novel spin-orbit 
torque, resulting in zero-field current-induced switching of perpendicular 
magnetization. Our device consists of a stack of Ta/Co20Fe60B20/TaOx layers, but also 
has a structural mirror asymmetry along the in-plane direction. The lateral structural 
asymmetry, in effect, replaces the role of the external in-plane magnetic field. We 
present experimental results on current-induced SOT switching of perpendicular 
magnetization without applied magnetic fields. We also present a symmetry-based 
analysis of SOT interactions and show that this type of bias-field-free switching 
originates from the lateral symmetry-breaking of the device, which gives rise to a new 
field-like torque upon application of an in-plane current. This new type of torque 
brings SOT-devices substantially closer to practical applications. 
Symmetry-based analysis of current-induced spin-orbit torques 
The current-induced SOT terms, which are physically allowed for a particular 
device structure, can be determined based on its symmetry properties. Hence, 
symmetry arguments provide a powerful tool in designing magnetic material and 
device structures to realize particular switching characteristics. Figure 1 schematically 
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illustrates how lateral symmetry-breaking in the device can give rise to 
current-induced switching of perpendicular magnetization. The coordinate system is 
chosen such that the z-axis is fixed along the growth direction, and the current is 
applied along the x-axis. The figure depicts the following scenarios: 
(i) Mirror symmetry-breaking only along z-axis: Figure 1a depicts the case 
where mirror symmetry is broken only along the z-axis (i.e. preserving mirror 
symmetries along the x- and y-axes similar to previous works
2-4, 7
), in the absence of 
external magnetic fields. In this case, the symmetry breaking results in 
current-induced SOTs, which, to quadratic order in m, consist of a field-like (FL) term 
𝑻𝒄
FL = 𝛾𝐻𝑦
FL𝒎× 𝒚 and a damping-like (DL) term 𝑻𝒄
DL = 𝛾𝐻𝑦
DL𝒎×𝒎× 𝒚13. Here, 
m denotes a unit vector along the magnetization direction. Equivalently, these torques 
can be expressed in terms of effective magnetic fields, namely 𝑯𝑦
FL = 𝐻𝑦
FL𝒚 and 
𝑯𝑦
DL = 𝐻𝑦
DL𝒎× 𝒚  (depicted in Fig. 1), with 𝐻𝑦
FL  and 𝐻𝑦
DL  representing the 
current-dependent proportionality constants for each term. Within simple microscopic 
models
14, 15
, such SOTs can be derived from the interfacial Rashba interaction
16
 and/or 
the spin Hall effect in the normal metal
17-20
. In this case, the absence of deterministic 
perpendicular magnetization switching can be understood by performing a mirror 
reflection with respect to the xz plane on the state with perpendicular magnetization 
component Mz > 0, as illustrated in Fig. 1a. Under such a transformation, the direction 
of the current density J is unaltered. However, magnetization (being a pseudo-vector) 
reverses the direction of its components that are parallel to the xz plane, hence 
resulting in an equilibrium state with Mz < 0 in the mirror state. As a result, if a 
6 
 
particular direction of current allows an equilibrium magnetization state with a 
positive z component, i.e., Mz > 0, the same direction of current should also favor a 
state with Mz < 0. In consequence, a given current direction does not favor a unique 
perpendicular magnetization orientation, and hence no deterministic switching is 
obtained
21
. This argument suggests that in order to achieve current-induced switching 
of perpendicular magnetization, the mirror symmetry with respect to the xz plane also 
has to be broken. This has been achieved in previous works using an external 
magnetic field Hap 
3, 7
 along the current direction, as depicted in Fig. 1b. The mirror 
transformation in this case also reverses the external magnetic field direction. Thus, 
by fixing the direction of the external field along the current direction, the symmetry 
between magnetic states with opposite z-components of magnetization is broken, 
allowing for a unique magnetic state. (For the case shown, a positive/negative external 
field favors the state with positive/negative Mz). Formally, such a scenario has also 
been explained by solving for the equilibrium magnetization orientation in the 
presence of SOTs within a single-domain model
3
. 
(ii) Mirror symmetry-breaking along both z- and y-axes: When the mirror 
symmetry along the y-axis is also broken, a particular direction of current can 
uniquely determine the z-component of magnetization. This is illustrated in Fig. 1c, 
where the structural asymmetry along the y-axis consists of a varying thickness (i.e. 
wedge shape) of the insulating layer along this axis. The mirror transformation in this 
case reverses both the direction of Mz and the direction of J (with respect to the 
wedge), hence associating each current direction with a unique orientation of Mz. In 
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this sense, breaking structural inversion symmetry along the lateral direction can 
replace the role of the external bias field. This fact is also reflected in the form of the 
allowed current-induced SOT terms. Using a symmetry-based phenomenology
22
, the 
current-induced SOT terms (up to quadratic order in m) arising due to mirror 
asymmetry along both y- and z-axes can be written as (see Supplementary Materials 
for details) 
𝑻   = 𝛾𝐻𝑦
FL𝒎× 𝒚  𝛾𝐻𝑦
DL𝒎×𝒎× 𝒚  𝛾𝐻𝑧
FL𝒎× 𝒛  𝛾𝐻𝑧
DL𝒎×𝒎× 𝒛  (1) 
Here, in the last two terms 𝐻𝑧
FL  and 𝐻𝑧
DL  parameterize the strengths of the 
current-induced effective fields arising from the additional inversion asymmetry, 
respectively representing the new FL and DL SOT terms. The new FL term gives rise 
to a current-induced effective field (𝐻𝑧
FL) along the z-axis (depicted in Fig. 1c) and 
can thus facilitate current-induced deterministic switching of perpendicular 
magnetization in the absence of an external magnetic field
23
. In the following, we 
provide an experimental demonstration of this new SOT-induced perpendicular 
effective field and switching. 
Experiment 
Experiments were carried out on sputter-deposited Ta(5.0 nm)/Co20Fe60B20(1.0 
nm)/TaOx(wedge) films. The top oxide layer was formed by first depositing a Ta film, 
the thickness of which was varied across the wafer, as shown in Fig. 2a. The TaOx was 
then formed by exposing the sample to a radio-frequency O2/Ar plasma, to create a 
Co20Fe60B20/TaOx interface. Due to the variation of the top Ta layer thickness, the 
thickness of the resulting oxide as well as the oxygen content at the Co20Fe60B20/TaOx 
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interface change continuously across the wafer. The film was then patterned into an 
array of Hall bars, the structure of which is shown in Figs. 2a and 2b. The transverse 
direction of the Hall bars (i.e., the y-axis) is along the TaOx wedge, as shown in Fig. 
2a, breaking the mirror symmetry with respect to the xz plane. Thus, application of a 
current along the Hall bars is expected to produce an out-of-plane effective magnetic 
field, based on the symmetry arguments discussed above. 
The devices were characterized using extraordinary Hall effect (EHE) 
measurements, as shown in Fig. 2b. The effective perpendicular anisotropy field (Hk) 
of the Co20Fe60B20 layer (in the absence of current-induced SOT) was determined 
using EHE measurements as a function of the applied in-plane magnetic field. Fig. 2c 
shows the measured Hk as a function of position along the TaOx gradient direction. 
The curve shows a non-monotonic dependence of the perpendicular magnetic 
anisotropy (PMA) on position, indicating an increase of Hk on the thinner side 
(dHk/dy > 0) and decrease of Hk on the thicker side (dHk/dy < 0) of the wedge. The 
perpendicular magnetization, measured as a function of perpendicular magnetic field, 
is shown in Fig. 2d. For devices located on the central region of the wedge with the 
largest Hk, the EHE perpendicular loops are square-shaped and show a large coercivity. 
As expected, the loops become less square-shaped and eventually turn into 
hard-axis-like loops on both sides of the wedge where Hk is smaller. The observed 
PMA is due to the interfacial magnetic anisotropy between the Co20Fe60B20 film and 
its adjacent TaOx and Ta layers, similar to recent reports in other material systems
24-26
. 
The anisotropy associated with the TaOx interface is in turn affected by the 
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appearance of Fe-O and Co-O bonds at the interface
25, 26
, exhibiting a non-monotonic 
dependence on the oxygen content
27, 28
. As a result, the change of PMA across the 
wedge reflects the gradient of oxygen concentration at the Co20Fe60B20/TaOx interface 
across the wafer.  
We next performed EHE measurements on the Hall bar devices for a set of 
different direct currents applied along the x-axis. Figs. 3a-c show the measured EHE 
signals for one device (device A, tTa = 1.65 nm prior to oxidation) in the dHk/dy > 0 
region. As expected, small currents have almost no influence on the switching 
behavior, as shown in Fig. 3a. At larger currents, however, the centers of the 
hysteresis loops are gradually shifted to the left for currents of a positive polarity, 
which indicates the presence of a perpendicular effective field, 𝑯𝑧
FL = 𝐻𝑧
FL𝒛 induced 
by the current. The value of 𝐻𝑧
FL can be extracted from the average of the positive 
(𝐻S
+) and negative (𝐻S
−) switching fields, i.e. 𝐻𝑧
𝐹𝐿 = −(𝐻S
+  𝐻S
−)/2. For currents in 
the opposite direction, the hysteresis loops are shifted to the right. At current values of 
I = ±10 mA, the separation between the two loops for this device (Fig. 3c) is 𝐻𝑧
𝐹𝐿(10 
mA) - 𝐻𝑧
𝐹𝐿(-10 mA) ≈ 22 Oe. It is interesting to compare this to the measurements 
shown in Figs. 3d-f, which show the EHE signal for a different device (device B, tTa = 
1.94 nm prior to oxidation) in the dHk/dy < 0 region (i.e. on the opposite side of the 
anisotropy peak in Fig. 2c). In this case, the sign of the current-induced field is 
opposite to device A for the same direction of current flow. The separation between 
the two loops at I = ±10 mA is 𝐻𝑧
𝐹𝐿(10 mA) - 𝐻𝑧
𝐹𝐿(-10 mA) ≈ -66 Oe for device B. 
Thus, by comparing the 𝐻𝑧
FL of these two devices, it is evident that 𝐻𝑧
FL(I > 0) - 
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𝐻𝑧
FL(I < 0) > 0 [i.e. d𝐻𝑧
FL/dI > 0] in the dHk/dy > 0 region, while 𝐻𝑧
FL(I > 0) - 𝐻𝑧
FL(I 
< 0) < 0 [i.e. d𝐻𝑧
FL/dI < 0] in the dHk/dy < 0 region.  
To quantify the 𝐻𝑧
FL induced by current, the values of 𝐻S
+ and 𝐻S
− for the two 
devices (obtained from EHE loops in Fig. 3), are summarized in Figs. 4a and b, for 
different applied currents. The current-induced perpendicular field can then be 
obtained by fitting the current dependence of 𝐻𝑧
𝐹𝐿 = −(𝐻S
+  𝐻S
−)/2. Here, Fig. 4a 
corresponds to device A (dHk/dy > 0), and Fig. 4b corresponds to device B (dHk/dy < 
0). For both cases, the resultant 𝐻𝑧
FL can be fitted well to a linear curve, and hence 
can be expressed as 𝐻𝑧
FL = βJ, where J is the applied current density. The values of β, 
extracted in a similar fashion for all devices measured along the wedge, are shown in 
Fig. 4c, with the largest absolute value of β reaching ~ 56 Oe per 1011Am-2. The plot 
also shows dHk/dy as a function of position along the wedge for comparison. It can be 
seen that both the sign and magnitude of β, and hence 𝐻𝑧
FL, correspond well with 
dHk/dy. Thus, in addition to the sign and magnitude of the applied current, the 
current-induced 𝐻𝑧
FL also depends on the sign and magnitude of dHk/dy. This, in turn, 
establishes the correlation of 𝐻𝑧
𝐹𝐿  with the symmetry-breaking along the y-axis, 
confirming the central hypothesis of this work. 
Discussion 
The symmetry argument presented above does not provide any details on the 
microscopic mechanisms behind the creation of the new perpendicular effective field. 
Hence, in addition to spin-orbit effects, in principle current-induced magnetic 
(Oersted) fields may also contribute to the observed perpendicular switching. 
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However, this possibility can be ruled out in our devices, as will be explained next. 
Due to the nonuniform oxidation of the TaOx layer, the structural asymmetry may 
cause a nonuniform current density along the width of our devices. Hence, there will 
be a larger current density on one side (less oxidized part) of the Hall bar, producing a 
net perpendicular magnetic field within the Hall bar area. However, for a particular 
current direction, this kind of Oersted field would be expected to point in the same 
direction for all Hall bars, since they all have an identical direction of the TaOx 
thickness gradient. Hence, based on the asymmetric sample structure shown in Fig. 1a, 
the Oersted field should result in a negative sign of β for all devices, which is not the 
case observed in our experiments. This indicates that Oersted fields are not the origin 
of the observed 𝐻𝑧
𝐹𝐿 in our samples. In addition, we estimated the Oersted field 
induced by current in our structures (see Supplementary Materials). The estimation 
indicates that, the value of the Oersted field induced by current is ~16 times smaller 
than the largest current-induced perpendicular shift (induced by 𝐻𝑧
FL) observed in our 
experiments. Hence, the role of Oersted fields can be excluded, and thus we attribute 
the origin of the observed perpendicular loop shifts to SOT. 
In addition, we also ruled out the possibility of a multi-domain process playing a 
role in the observed FL shifts in the hysteresis loops. This was done by measuring 
𝐻𝑧
𝐹𝐿 via independent second-harmonic measurements
5, 13, 29
 in the presence of large 
external magnetic fields. The applied field was larger than the saturation field of our 
samples, ensuring single-domain behavior during the experiment. The results show an 
excellent agreement between the current-induced 𝐻𝑧
𝐹𝐿  extracted from 
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second-harmonic measurements and the hysteresis loop shifts (see Supplementary 
Materials for details). 
We further compared the magnitude of the new perpendicular effective field 𝐻𝑧
FL, 
with the regular effective field 𝐻𝑦
FL, which results from the of inversion asymmetry 
along the z-axis
1, 5, 9, 30
. The largest magnitude of 𝐻𝑧
FL in our samples is 4.7 Oe/mA, ≈ 
56 Oe per 10
11
 Am
-2
. The 𝐻𝑦
FL as measured by the second-harmonic method, on the 
other hand, is 170 Oe per 10
11
 Am
-2 
for the same device (see Supplementary Materials 
for details). Thus, the perpendicular effective field 𝐻𝑧
FL is of sizable strength when 
compared to the regular (in-plane) field-like term induced by breaking of inversion 
symmetry along the z-axis. However, the presence of this additional 𝐻𝑧
FL provides 
significant advantages for device applications, as it enables bias-field-free switching 
of out-of-plane magnetic layers. 
Microscopically, the new field-like torque appears to stem from the lateral 
oxidation gradient at the Co20Fe60B20/TaOx interface, which can induce Rashba-like 
spin-orbit coupling with the effective electric field direction pointing along the 
wedging direction y. Namely, a microscopic electron Hamiltonian of the form 
ℋ~𝝈 ∙ (𝒚 × 𝒑)16, at the Co20Fe60B20/TaOx interface, could in principle account for a 
field-like torque of the form 𝑻𝑭𝑳~ 𝒎 × 𝑯𝒛
𝑭𝑳 ~ 𝒎 × (𝒚 ×  𝑱). Here 𝝈 and p stand 
for the Pauli matrices and the electron’s momentum operator, respectively. As shown 
in Fig. 1d, an electric field along the wedging direction could, in turn, originate from 
redistribution of charges near the interface depending on the oxygen content, which is 
also responsible for the non-monotonic dependence of Hk on position
28
. However, a 
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more detailed understanding of these electric fields and their possible contribution to 
𝐻𝑧
FL is needed and requires first principles calculations. 
Current-induced switching in the absence of external fields 
Finally, we demonstrate that the perpendicular effective field 𝐻𝑧
FL, induced by an 
in-plane current along the x-axis, can be used to deterministically switch the 
magnetization in an out-of-plane magnetized film, without assistance of external 
magnetic fields. This is shown in Figs. 5a and b, for two representative devices on 
different sides of the Hk peak in Fig. 2c. We were able to reversibly switch the 
perpendicular magnetization by currents of ~6 mA (corresponding to a current density 
of 5.0 × 10
6
 A/cm
2
) for device C (tTa = 1.67 nm before oxidation) in Fig. 5a, and by 
current of ~3 mA (corresponding to a current density of 2.5 × 10
6
 A/cm
2
) for device B 
in Fig. 5b. For the first device, which is in the dHk/dy > 0 region, positive currents 
favor a positive magnetization (resulting in a negative Hall resistance RHall). For the 
latter device, which is in the dHk/dy < 0 region, positive currents favor a negative 
magnetization. The favored direction of magnetization for a particular current 
direction is dependent on the sign of β, and hence depends on the location along the 
wedge, as expected. Thus, currents of opposite polarities can be used to switch the 
perpendicular magnetization in opposite directions, and the favored direction of 
magnetization for each current is determined by the sign of the lateral device 
asymmetry, as quantified by the sign of dHk/dy. We obtained similar results for several 
other devices measured at different points along the wedge. Due to the correlation 
between dHk/dy and the strength of 𝐻𝑧
FL (see Fig. 4c), we expect that the current 
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density required for switching can be further reduced by increasing the value of 
dHk/dy, i.e. by creating a larger structural asymmetry in the device.  
For device applications, the perpendicular 𝐻𝑧
FL induced by currents in this work 
can be used in three-terminal structures, where the perpendicular ferromagnetic free 
layer is part of a magnetic tunnel junction, allowing for readout of its state via the 
tunneling magnetoresistance (TMR) effect. No external in-plane magnetic fields 
would be needed to operate the device. It should also be noted that the nonuniform 
oxidation method used to create the lateral asymmetry in this work is not the only 
approach that could be used for this purpose. For integration into large device arrays 
(e.g. for memory chips), which requires uniformity across the wafer, a more localized 
method of generating the lateral asymmetry may be more appropriate. We expect that 
this work will motivate research to develop such asymmetric device structures, which 
exhibit and utilize perpendicular effective field. Examples of alternative approaches to 
create these torques could include the application of a lateral voltage to the device, 
using effects such as voltage-controlled magnetic anisotropy, or to use a nonuniform 
strain built into the device during the fabrication process, all of which could be used 
to break the lateral inversion symmetry. By providing large perpendicular effective 
field, such structures can result in new ultralow-power and highly scalable SOT-based 
spintronic memory and logic circuits. 
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Methods 
The stack structure of Ta/CoFeB/TaOx was fabricated from Ta(5 
nm)/Co20Fe60B20(1 nm)/Ta(wedge) sputtered films. The metal layers were deposited 
on a thermally oxidized wafer (on an area of 10 mm × 50 mm) by d.c. magnetron 
sputtering at room temperature, in an AJA international physical vapor deposition 
system. The deposition rates were 0.06 nm/s for Ta and 0.03 nm/s for Co20Fe60B20 at 
an argon pressure of 2 mTorr and 3 mTorr, respectively. The top Ta was grown in a 
wedge shape, giving a continuous gradient of thickness along the length of the sample. 
The thickness of the top Ta was varied from 0.81 to 2.13 nm. The TaOx layer was then 
formed by exposing the sample to a radio-frequency O2/Ar plasma for 100 s. The top 
wedged Ta layer was thus oxidized, resulting in a change of oxidation level at the 
CoFeB/TaOx interface along the wedge direction. The films were then annealed at 200 
ºC for 30 min to enhance their perpendicular magnetic anisotropy (PMA). The sample 
was subsequently patterned into an array of Hall bar devices (seven in the width 
direction, with constant thickness of the top Ta layer, and thirty-five in the length 
direction of the sample, varying its thickness) by standard photolithography and dry 
etching techniques. The size of the Hall bars was fixed at 20 μm × 130 μm. The Hall 
bar lengths were oriented along the width direction of the sample, resulting in a 
varying top Ta thickness (hence oxidation) along the width of the Hall bars (i.e. 
y-axis). The spacing between two adjacent Hall bar devices in the length direction was 
1.1 mm. A Keithley 6221 current source and a Keithley 2182A nano-voltmeter were 
used in the extraordinary Hall voltage measurement. The external magnetic field was 
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generated by a Helmholtz coil driven by a Kepco power supply. All measurements 
were carried out at room temperature. 
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Figure 1 Schematics of mirror symmetry and current-induced effective fields 
corresponding to spin-orbit torques (SOTs). a, Effective fields induced by current, 
and absence of deterministic out-of-plane switching, in a perpendicular magnetic 
structure which is symmetric about the xz plane. The same direction of current allows 
for states with magnetization pointing up as well as down. The in-plane effective 
fields (𝑯𝑦
FL and 𝑯𝑦
DL) are permitted due to the structural inversion asymmetry along 
the z-axis. The blue arrows indicate the 𝑯𝑦
FL and 𝑯𝑦
DL and their mirror reflections 
𝑯𝑦
FL′ and 𝑯𝑦
DL′ with respect to the xz plane. It is important to note the difference 
between an external field Hap and the damping-like field 𝑯𝑦
DL; the latter does not 
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break the mirror symmetry about the xz plane as it depends on 𝒎 and changes sign 
when magnetization is reversed, while the former does break the aforementioned 
symmetry (see b). b, Symmetry with respect to the xz plane is broken by applying an 
external magnetic field (Hap) along the x-direction. By fixing the direction of Hap 
(either positive or negative with respect to the x-axis), a unique perpendicular 
magnetization state can be chosen for each current direction. c, The new 
perpendicular effective field (𝑯𝑧
FL) induced by the laterally asymmetric structure, and 
its mirror image (𝑯𝑧
FL′). The presence of the new perpendicular effective field, 
induced by the lateral symmetry-breaking, uniquely determines the z-component of 
the magnetization for a particular direction of current, thereby allowing deterministic 
switching without external magnetic fields. d, Schematic representation of the 
ferromagnet-oxide interface, illustrating its nonuniform oxygen content. The resulting 
nonuniform charge distribution may produce in-plane electric fields (E) along the 
interface, which in turn can contribute to the observed 𝐻𝑧
FL. The red spheres indicate 
the oxygen atoms and the perpendicular pink arrows correspond to the perpendicular 
magnetic anisotropy in the magnetic layer. 
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Figure 2 Device geometry and magnetic perpendicular anisotropy. a, Procedure 
for growth and patterning of the devices. The Ta layer on top of the CoFeB film was 
deposited with a varying thickness across the wafer, resulting in a wedge shape. After 
the O2/Ar plasma oxidation and annealing, nonuniform perpendicular magnetic 
anisotropy was realized. b, Structure of one device in the array (10 μm scale bar) and 
the measurement configuration. Each individual device is designed to have a lateral 
asymmetry due to the wedge in the TaOx. c, Effective perpendicular anisotropy field 
(Hk) as a function of position/thickness of the devices at room temperature. Due to the 
nonuniform oxidation at the interface, which depends on the thickness of the initially 
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deposited Ta, a non-monotonic distribution of Hk is obtained. Note that the variation 
of Hk with respect to position (dHk/dy) can be positive or negative, depending on the 
device location along the wedge. d, Perpendicular magnetization of Ta/CoFeB/TaOx 
measured by extraordinary Hall effect (EHE) at different locations along the wedge. A 
good correlation is found between the out-of-plane coercivity and Hk, obtaining a 
maximum coercivity near the peak of the Hk distribution. 
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Figure 3 Effect of 𝑯𝑧
FL induced by current at room temperature. The figures 
show the perpendicular magnetization of Ta/CoFeB/TaOx measured by EHE, while a 
current of ±1 mA ((a) and (d)), ±6 mA ((b) and (e)), and ±10 mA ((c) and (f)) is 
applied to the devices. Figures a-c show results for a typical device (tTa = 1.65 nm 
before oxidation, device A) in the dHk/dy > 0 region, while d-f show results for a 
typical device (tTa = 1.94 nm before oxidation, device B) in the dHk/dy < 0 region. The 
shift directions of the EHE loops with respect to current, which reflect the directions 
of 𝐻𝑧
FL induced by the current, are opposite for these two devices with opposite signs 
of dHk/dy.  
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Figure 4 The switching fields as a function of applied current densities, and β as 
a function of position of the Hall bar devices on the wafer. a, b, Measured 
switching fields as a function of current for the devices A (a) and B (b) discussed in 
Figure 3, with dHk/dy = 0.09 Oe/μm and −0.24 Oe/μm, respectively. The blue lines are 
linear fits. The values of β, representing the perpendicular effective field (𝐻𝑧
FL = βJ), 
are extracted from the slope. c, The red circles correspond to β and the black squares 
correspond to dHk/dy, indicating a clear correlation between dHk/dy and 𝐻𝑧
FL. This is 
in agreement with the expected relationship between lateral symmetry breaking and 
the strength of 𝐻𝑧
FL. The dashed line corresponds to zero for both sides of the vertical 
coordinates. 
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Figure 5 Switching of perpendicular magnetization by current in the absence of 
external fields. Perpendicular magnetization as a function of direct current for 
devices C (tTa = 1.67 nm before oxidation) (a) and B (tTa = 1.94 nm before oxidation) 
(b) with dHk/dy = 0.10 and −0.24 Oe/μm, respectively. The favored magnetization 
direction for each current direction is opposite for these two devices, due to the 
opposite orientations of the current-induced  𝐻𝑧
FL  (i.e. different signs of β). All 
measurements were carried out at room temperature. 
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S1. Symmetry-based model of spin-orbit torques 
In this section, following the symmetry-based phenomenology of deriving the 
equation of motion for magnetization in the presence of spin-orbit coupling
1
, we 
extend the analysis by Garello et al.
2
 to derive the form of the new SOT torque terms 
resulting from additional inversion symmetry breaking along the y-axis, i.e Eq. (1) 
presented in the main text. 
In Fig. 1c we schematically show the device geometry having the following 
symmetry properties. Due to different materials on top and bottom of the ferromagnet, 
the inversion symmetry along the z-axis is broken. Additionally, the wedge of TaOx on 
top breaks the inversion symmetry along the y-axis, as explained in the main text. In 
the following we treat the magnetization as a monodomain; however, the analysis can 
be easily extended to nonuniform magnetization as well
1
. The equation of motion for 
the magnetization can be written within the Landau-Lifshitz-Gilbert (LLG) 
phenomenology
3
 as  
∂𝑡𝒎 = −𝛾𝒎×𝑯 𝛼𝒎× ∂𝑡𝒎 𝛾𝒎×𝑯
SOT(𝑰,𝒎) .           (S1) 
Here 𝑴 = 𝑀𝑠𝒎 is the magnetization vector pointing along the unit vector 𝒎 and 
having a magnitude Ms. The first term on the right hand side represents magnetization 
precession about an effective field H = −𝛿𝑴𝐹, derived from a free energy density (𝐹) 
while the second term describes damping of magnetization towards the equilibrium 
with α and γ being the Gilbert damping and gyromagnetic ratio, respectively. The last 
term corresponds to the current-induced SOT, parameterized by a current- and 
magnetization-dependent spin orbit field, 𝑯SOT(𝑰,𝒎). In the following we derive the 
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form of 𝑯SOT(𝑰,𝒎) allowed by the symmetries of the structure described above. We 
take all of the coefficients to be linear in the current I.  In the presence of structural 
asymmetries in the y and z directions, only mirror symmetry in the x-direction remains. 
In order for the equation of motion, Eq. (S1), to remain invariant under this symmetry, 
the field 𝑯SOT must transform as a pseudo-vector under reflection in the yz-plane. 
We expand the field 𝑯SOT to linear order in 𝒎. The zero order contribution must be 
of the form 
𝑯0
SOT = 𝐻𝑦
𝐹𝐿𝒚  𝐻𝑧
𝐹𝐿𝐳 ,                     (S2) 
which changes sign under 𝑰 → −𝑰, and therefore transforms as a pseudo-vector under 
reflection in the yz plane. The linear contribution to the field (which transforms as a 
pseudo-vector) can be written 
𝑯1
SOT = 𝐻𝑦
𝐷𝐿𝒎× 𝒚  𝐻𝑧
𝐷𝐿𝒎× 𝒛  𝑯𝒅 ,              (S3) 
where 𝑯𝒅 = 𝐴(𝑚𝑥𝒛  𝑚𝑧𝒙)  𝐵(𝑚𝑥𝒚  𝑚𝑦𝒙) is a dissipative torque which cannot 
be written as a damping term. So the total current-induced field is given by 
𝑯SOT = 𝑯𝟎
SOT  𝑯1
SOT. 
S2. Perpendicular magnetic anisotropy in Ta/Co20Fe60B20/TaOx stack films 
Fig. S1 shows the in-plane and perpendicular M-H curves of the 
Ta(5)/Co20Fe60B20(1)/TaOx(3) (thickness in nm) film. Note that the film normal is 
along the magnetic easy axis. The saturation magnetization as a function of thickness 
is shown in Fig. S2. Fig. S3 shows the thickness dependence of Keff×tCoFeB  for 
Ta(5)/Co20Fe60B20(t)/TaOx (thickness in nm) film. It is shown that large PMA can be 
achieved when tCoFeB is between 0.9 and 1.2 nm. In our experiments, we use the 
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Ta(5)/Co20Fe60B20(1)/TaOx(wedge) (thickness in nm) which has sufficient 
perpendicular anisotropy to result in an out-of-plane magnetization. 
S3. Calculation of Oersted fields induced by current 
In this section, we estimate the magnitude of Oersted fields expected as a result 
of an asymmetric flow of current as pointed out in the main text. We find that the 
magnitude of the resultant average Oersted field parallel to the z-axis, 𝐻𝑒𝑓𝑓
 , is at least 
one order of magnitude smaller than the largest effective magnetic field measured in 
the experiment, hence providing more evidence for a spin-orbit induced mechanism of 
the observed current-induced field. Given the length of the Hall bar is much larger 
than its width, which in turn is much larger than the thickness, we calculate the 
resultant Oersted field due to an infinitely long sheet of width d and zero thickness 
(see Fig. S4). In this case, the strength of the z-component of the Oersted field, 𝐻𝑧
 , at 
a distance r from the center of the sheet due to current I flowing along the x-axis is 
given by  
𝐻𝑧
 =
𝐼
2𝜋𝑑
∫
1
𝑦
𝑑𝑦
𝑟+𝑑/2
𝑟−𝑑/2
=
𝐼
2𝜋𝑑
log(
𝑟  𝑑/2
𝑟 − 𝑑/2
) .                             (S4) 
As a measure of the strength of the net 𝑧-component of the Oersted field seen by the 
device we average the above expression over the width where no current flows, (the 
field for the part where the current flows averages to zero) and taking the extreme 
case of current flowing through only one half of the width, i.e. 𝑑 = 𝑤/2. We obtain 
the effective Oersted field 𝐻𝑒𝑓𝑓
 = 0.3 Oe for the experimental widths of 𝑤 = 20𝜇𝑚 
and a current of I = 1mA. This value is ~16 times smaller than the maximum field of 
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4.7 Oe measured experimentally, and hence strongly suggests a microscopic origin 
different from Oersted fields.  
S4. Second-harmonic measurements for independent characterization of the 
current-induced perpendicular field-like term 𝐻𝑧
FL 
In this section, we apply the small-signal harmonic measurement technique to 
measure field-like torque due to lateral symmetry breaking. The motivation behind 
these experiments is to show the presence of the new field-like torque even for the case 
when the sample is forced to behave as a single-domain particle, ruling out any intricate 
micro-magnetic switching process as an explanation for the observed shifts in the EHE 
loops presented in the main text. To this end, different from harmonic measurements 
found in literature
4, 5
, we perform measurements as a function of the strength of the 
magnetic field whose magnitude is kept greater than the saturation field throughout, 
ensuring single domain behavior.  
In the small signal harmonic measurement scheme, the system is excited by an 
alternating current , while simultaneously measuring the Hall voltage 
 components at first (𝑉𝜔 ) and second harmonic (𝑉2𝜔 ). These harmonic 
components can be obtained by Taylor expanding Hall resistance up to linear order in , 
i.e. 𝑅𝐻(𝐼) = 𝑅𝐻
0  (𝑑𝑅𝐻/𝑑𝐼)𝐼, as  
𝑉𝜔(𝑡) = 𝑉𝜔sin𝜔𝑡 ,
𝑉𝜔 = 𝐼0𝑅𝐻
0  ,
𝑉2𝜔(𝑡) = 𝑉2𝜔cos2𝜔𝑡 ,
𝑉2𝜔 = −(
𝐼0
2
2
) (
d𝑅𝐻
𝑑𝐼
) .
                      (S5) 
The measurement of second harmonic signal thus provides a method to measure 𝑑𝑅𝐻/
0 sinI I t
H HV IR
I
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𝑑𝐼, which in turn encodes information about SOTs. The dependence of 𝑑𝑅𝐻/𝑑𝐼 on the 
strength and the orientation of external field has been used to quantify SOTs
4, 5
 and their 
angle dependences
2
 for the case when symmetry is broken along the growth direction. 
In the following, we apply the scheme to measure the additional SOT terms allowed by 
symmetry for the case of lateral symmetry breaking.  
The experiments were performed in a Physical Property Measurement System 
(PPMS) by rotating the sample. The external magnetic field is rotated in the yz plane, 
making an angle 𝜃𝐵  with the 𝑧-axis. An a.c. current is applied with constant 
frequency ω = 13.931 Hz. Two lock-in amplifiers are used to read the in-phase first 
harmonic Vω and the out of phase second harmonic 𝑉2𝜔voltages. The first harmonic 
signal (normalized by its maximum) along with the fit to a single domain model (the 
numerical solution to Eq. (S13)), are shown in Fig. S5. The excellent match between 
the model and the experimental data proves the single domain behavior in these 
measurements.  
In section S6 we present a general method to derive expressions for the second 
harmonic signal in the presence of the new SOT terms. These new terms are extracted 
from V2ω for the case when the magnetic field, of strength greater than the saturation 
field, is applied along the y-axis. In this case, the dimensionless second harmonic 
signal, obtained by normalizing 𝑉2𝜔 by 𝑉𝜔
𝜋 (defined as the first harmonic voltage at 
𝜃𝐵 = ), reads 
𝑉2𝜔
𝑉𝜔
𝜋 = −
1
2
*
𝐻𝑧
𝐹𝐿
𝐻  − 𝐻𝑘
 
𝑅 (𝐻𝑧
𝐷𝐿  𝐵)
𝑅 𝐻  
+                              (S6) 
upon substituting ?̅?𝑦 = 1 and ?̅?𝑥 = ?̅?𝑧 = 0 in Eq. (S15) and using Eq. (S5). Here,  
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𝑅  and 𝑅  are the planar and extraordinary Hall coefficients, respectively. It is clear 
from the above equation that, for this particular configuration, the contributions to 
second harmonic signal from terms due to inversion symmetry breaking along the 
𝑧-axis drops out, revealing the new terms. This is a consequence of the fact that for 
equilibrium magnetization pointing along the y-axis, torque from terms due to 
symmetry breaking along the z-axis is zero. The dependence (as obtained in Eq. S6 
above) on the new fields and the strength of the external field can also be understood 
within a simple physical picture as the following. The second harmonic signal is 
proportional to the change in resistance due to deviations from an equilibrium 
orientation resulting from current-induced torques on the magnetization. This, in turn, 
has two contributions. First, the new field-like term causes magnetization to deviate in 
the plane, contributing a change in the extraordinary Hall resistance (the first term on 
the right-hand-side of Eq. (S6)). Second, the new dampling-like and dissipative terms 
cause the magnetization to deviate in the plane, contributing to a change in resistance 
via the planar Hall contribution (the second term on the right-hand-side of Eq. (S6)). 
The deviations from equilibrium are themselves proportional to the strength of the new 
terms as compared to the effective magnetic field strength keeping the magnetization 
aligned along the equilibrium direction. The stronger the external magnetic field, 
smaller the deviations (which ultimately are expected to go to zero for very large 
strength of external field) hence showing the 1/𝐻   
dependence. 
In Fig. S6, we present the measured normalized second harmonic signal, as a 
function of the strength of the external magnetic field at 𝜃𝐵 = /2 and a current with an 
yz
xy
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RMS value of 10mA, for four representative devices along the wedge, each showing 
1/𝐻   dependence. In the present second harmonic experiments, the observed signal 
can originate from both the new field-like and damping-like terms (see Eq. (S6)). 
However, in order to make quantitative comparison with the “field-like” shifts seen in 
the EHE loops we make use of the following. For the present material system, since 
𝑅 ≪ 𝑅  we drop the planar Hall contribution in Eq. (S6) giving
6
 
𝑉2𝜔
𝑉𝜔
𝜋 = −
1
2
*
𝐻𝑧
𝐹𝐿
𝐻  − 𝐻𝑘
+ .                                                  (S7) 
The fits of Eq. (S7) to the measured data are also shown in Fig S6, exhibiting an 
excellent match for these devices. More importantly, the extracted field per unit current 
density for all of these devices (i.e. β = 11.4, ~ 0, -25.8 and -52.2 Oe per 1011Am-2) 
compares perfectly with the corresponding values (β = 12.7, 2.4, -19.1 and -56.7 Oe 
per 10
11
Am
-2
) obtained from the shifts in EHE loops presented in the main text in both 
the magnitude and the sign. This provides unambiguous evidence of new terms even for 
single domains. 
S5. Second-harmonic measurements for characterization of the regular current 
induced field-like term 𝑯𝒚
𝐅𝐋 
To compare the current-induced perpendicular effective field 𝐻𝑧
FL, due to the 
breaking of inversion symmetry along the 𝑦-axis, with that of the usual in-plane 
effective field 𝐻𝑦
FL, we look at the slope of second harmonic signal (as measured in 
section S4) at 𝜃𝐵 = . Again neglecting the planar Hall contribution, differentiating 
Eq. (S15) with respect to and using Eq. (S5), the expression for the slope becomes: B
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𝑑𝑉2𝜔/𝑑𝜃𝐵 = −(𝐼0𝑅 /2)*𝐻𝑦
𝐹𝐿/(𝐻   𝐻𝑘)+(𝑑?̅?𝑦/𝑑𝜃𝐵). Here we have made use of 
the fact that at 𝜃𝐵 = , strength of the effective field, as defined in section S6, is 
?̅?𝑧
′ = 𝐻   𝐻𝑘 . Solving Eq. (S13) for ?̅?𝑦 near 𝜃𝐵 =  we get: 𝑑?̅?𝑦/𝑑𝜃𝐵 =
−𝐻  /(𝐻   𝐻𝑘) . Additionally noting 𝑑
2𝑉𝜔/𝑑
2𝜃𝐵 = 𝐼0𝑅 (𝑑
2?̅?𝑧/𝑑
2𝜃𝐵)  and 
?̅?𝑧 ≈ −1  ?̅?𝑦
2/2 (near 𝜃𝐵 = ), from the above expression for slope of second 
harmonic signal we immediately obtain 
𝐻𝑦
𝐹𝐿 = 2𝐻  
(𝑑𝑉2𝜔/𝑑𝜃𝐵) 
𝑑2𝑉𝜔/𝑑2𝜃𝐵
  .                                           (S8) 
We note that the new terms do not contribute to the slope at
 
𝜃𝐵 = , allowing for the 
extraction of the current-induced field-like term 𝐻𝑦
FL. This method and Eq. (S8) is 
similar to that used in the literature
2, 4, 5
, with the only difference being here, rather 
than varying the strength of external magnetic field, we vary its orientation. In Fig. 
S7 and S8, we show the first and second harmonic signal near 𝜃𝐵 =  for the device 
having largest value of the new perpendicular field-like term. The corresponding 
value of 𝐻𝑦
FL extracted from Eq. (S8) reads 170 Oe per 10
11
 Am
-2
. 
S6. General method of deriving 𝒅𝑹𝑯/𝒅𝑰 for the second harmonic measurements 
We derive the expressions for 𝑑𝑅𝐻/𝑑𝐼  based on the standard scheme of 
linearization of LLG supplemented with SOTs, including the new terms allowed by 
lateral symmetry breaking (Eq. (S2) and (S3)). We note that such a scheme can easily 
be adopted for any other general form of SOT and effective field. In Fig. 2b, we show 
the experimental geometry under consideration. In this geometry, the Hall resistance 
can be written as: 𝑅𝐻 = 𝑅 𝑚𝑧  𝑅 𝑚𝑥𝑚𝑦 , where 𝑅  and 𝑅  stand for the 
extraordinary and planar Hall coefficient, respectively, resulting in the following 
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expression  
𝑑𝑅𝐻
𝑑𝐼
= 𝑅 
𝑑𝑚𝑧
𝑑𝐼
 𝑅 𝑚𝑦
𝑑𝑚𝑥
𝑑𝐼
 𝑅 𝑚𝑥
𝑑𝑚𝑦
𝑑𝐼
  .                          (S9) 
Thus for the harmonic measurements we will be interested in finding equilibrium 
orientation of magnetization as a function of current. This equilibrium orientation, 
obtained by substituting ∂𝑡𝒎 = 0 in the equation of motion for magnetization (S1), is 
given by  
𝒎×𝑯 = 𝐻𝑦
FL𝒎× 𝒚  𝐻𝑦
DL𝒎× (𝒎× 𝒚)  𝐻𝑧
FL𝒎× 𝒛  𝐻𝑧
DL𝒎× (𝒎 × 𝒛) .   (S10)    
In the following it will be useful to reorient the coordinate system such that the 
equilibrium orientation in absence of current 𝒎𝟎 = (?̅?𝑥, ?̅?𝑦, ?̅?𝑧), is aligned with the 
z-axis, defining primed coordinates and rotation matrix 𝑈, as: 𝒎′ ≡ 𝑈𝒎;𝒎𝟎
′ = 𝒛. 
Rotating Eq. (S10) by 𝑈 gives  
𝒎′ × 𝑯′ = 𝐻𝑦
FL𝒎′ × 𝒚′  𝐻𝑦
DL𝒎′ × (𝒎′ × 𝒚′) 
                     𝐻𝑧
FL𝒎′ × 𝒛′  𝐻𝑧
DL𝒎′ × (𝒎′ × 𝒛′).             (S11) 
Moreover, for the harmonic measurements presented here, we are interested in the case 
where the current induced spin orbit fields are much smaller than the effective magnetic 
field. To this end, we linearize Eq. (S11) around 𝐻𝑦
FL = 𝐻𝑦
DL = 𝐻𝑧
FL = 𝐻𝑧
DL = 0 by 
making following substitutions: 𝒎′ = 𝒎0
′  𝛿𝒎′(𝐼) and 𝑯′ = 𝑯0
′  𝛿𝑯′(𝐼). Here, 
𝒎0
′ = 𝒛  and 𝑯0
′ = ?̅?𝑧
′𝒛  are the equilibrium magnetization and corresponding 
effective field in the absence of current, while 𝛿𝒎′(𝐼) = 𝛿𝑚𝑥
′ 𝒙 +  𝛿𝑚𝑦
′ 𝒚  and 
𝛿𝑯′(𝐼) = (𝜕𝒎′𝐻𝑥
′ ∙ 𝛿𝒎′)𝒙+  (𝜕𝒎′𝐻𝑦
′ ∙ 𝛿𝒎′)𝒚 represent the small deviations due to 
currents, i.e.  |𝛿𝒎′|, |𝛿𝑯′|/?̅?𝑧
′ ≪ 1 . Following the standard program of linearization, 
keeping terms up to first order in 𝛿𝒎′ , 𝐻𝑦
FL , 𝐻𝑦
DL , 𝐻𝑧
FL  and 𝐻𝑧
DL , we get the 
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following general solution for the deviation 
𝜹𝑚′(𝐼) = 𝐶−1𝐷 ,                            (S12) 
 
𝐶 =
[
 
 
 
 −
𝑑𝐻𝑦
′
𝑑𝑚𝑥′
?̅?𝑧
′ −
𝑑𝐻𝑦
′
𝑑𝑚𝑦′
𝑑𝐻𝑥
′
𝑑𝑚𝑥′
− ?̅?𝑧
′
𝑑𝐻𝑥
′
𝑑𝑚𝑦′ ]
 
 
 
 
 , 
D = 
*
𝒙 ∙ (𝒛 × 𝒚′){𝐻𝑦
FL  𝐵?̅?𝑥}  𝒙 ∙ (𝒛 × 𝒛
′)*𝐻𝑧
FL  𝐴?̅?𝑥+  𝒙 ∙ (𝒛 × 𝒙
′){𝐵?̅?𝑦  𝐴?̅?𝑧} − 𝐻𝑦
DL𝒙 ∙ 𝒚′ −𝐻𝑧
DL𝒙 ∙ 𝒛′
𝒚 ∙ (𝒛 × 𝒚′){𝐻𝑦
FL  𝐵?̅?𝑥}  𝒚 ∙ (𝒛 × 𝒛
′)*𝐻𝑧
FL  𝐴?̅?𝑥+  𝒚 ∙ (𝒛 × 𝒙
′){𝐵?̅?𝑦  𝐴?̅?𝑧} − 𝐻𝑦
DL𝒚 ∙ 𝒚′ −𝐻𝑧
DL𝒚 ∙ 𝒛′
+. 
The above solution in conjunction with Eq. (S9) constitute the general expression for 
obtaining 𝑑𝑅𝐻/𝑑𝐼. 
As an application of the general method presented above, we develop the 
expressions for the case of a ferromagnet having a uniaxial anisotropy, with easy axis 
along z-axis, and an external magnetic field applied in the yz plane (as per the 
experiments presented in this work). The effective magnetic field in this case can be 
written as: 𝑯 = 𝐻  sin𝜃𝐵𝒚  (𝐻  cos𝜃𝐵  𝐻𝑘𝑚𝑧)𝒛 . Here 𝐻   and 𝐻𝑘 
parameterizes the strength of the applied and the anisotropy field, respectively, while 
𝜃𝐵  represents the angle between the external field and the z-axis. The equilibrium 
orientation, 𝒎0 = (0, ?̅?𝑦, ?̅?𝑧), and corresponding rotation matrix are then obtained 
from 
𝐻𝑘?̅?𝑦?̅?𝑧 = 𝐻  (sin𝜃𝐵?̅?𝑧 − cos𝜃𝐵?̅?𝑦); ?̅?𝑦
2  ?̅?𝑧
2 = 1;𝑈 = (
1 0 0
0 ?̅?𝑧 −?̅?𝑦
0 ?̅?𝑦 ?̅?𝑧
). (S13) 
Evaluation of 𝒙′, 𝒚′, 𝒛′ and 𝑑𝐻𝑖
′/d𝑚𝑗
′ with above 𝑈 followed by substitution in Eq. 
(S12) gives 
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𝛿𝑚𝑥
′ = [(𝐻𝑦
𝐷𝐿 − 𝐴)?̅?𝑧 − (𝐻𝑧
𝐷𝐿  𝐵)?̅?𝑦]/?̅?𝑧
′ ,
𝛿𝑚𝑦
′ = [(𝐻𝑧
𝐹𝐿  𝐴?̅?𝑥)?̅?𝑦 − (𝐻𝑦
𝐹𝐿  𝐵?̅?𝑥)?̅?𝑧]/(?̅?𝑧
′ − 𝐻𝑘?̅?𝑦
2).
          (S14) 
We evaluate 𝑑𝑚𝑖/𝑑𝐼 from Eq. (S14) after rotating it by 𝑈
−1, back to the unprimed 
coordinate system. Finally, substitution of 𝑑𝑚𝑖/𝑑𝐼 in Eq. (S9) gives the main result of 
this section 
                       𝐼0
𝑑𝑅𝐻
𝑑𝐼
= (
𝑅 (𝐻𝑦
FL  𝐵?̅?𝑥)
?̅?𝑧′ − 𝐻𝑘?̅?𝑦2
 
𝑅 (𝐻𝑦
DL − 𝐴)
𝐻𝑧′
) ?̅?𝑦?̅?𝑧 
−(
𝑅 (𝐻𝑧
FL  𝐴?̅?𝑥)
?̅?𝑧′ − 𝐻𝑘?̅?𝑦2
 
𝑅 (𝐻𝑧
DL  𝐵)
?̅?𝑧′
) ?̅?𝑦
2   .                            (S15) 
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Figure S1. Normalized in-plane and out-of-plane M-H loops for 
Ta(5)/Co20Fe60B20(1)/TaOx (thickness in nm) film.  
 
 
Figure S2. Thickness dependence of Ms for Ta(5)/Co20Fe60B20(t = 0.9, 1.0, 1.1 and 1.2 
nm)/TaOx (thickness in nm) film. 
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Figure S3. Thickness dependence of Keff tCoFeB for Ta(5)/Co20Fe60B20(t = 0.9, 1.0, 1.1 
and 1.2 nm)/TaOx (thickness in nm) film. 
 
 
 
Figure S4. The configuration used to estimate the Oersted field magnitude. Current is 
assumed to flow only in a region of width d. The length of the bar is assumed to be 
infinite. 
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Figure S5. Fit of the single-domain model presented in section S6 to that of the first 
harmonic signal for a representative device F (tTa = 1.79 nm before oxidation), 
extracting the perpendicular anisotropy field kH . 
 
 
Figure S6. Normalized second-harmonic signal for four representative devices along 
the wedge. The legend marks the position of the device along the wedge in terms of 
dHk/dy as mentioned in the main text. 
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Figure S7. Open symbols represent the first harmonic signal near B = 180 for the 
device showing largest value of the current-induced perpendicular field. A parabolic 
fit to the data is also shown, which is used for extraction of the regular field like term 
along y-axis. 
 
Figure S8. Open symbols represent the second-harmonic signal near B = 180 for the 
device showing largest value of the current-induced perpendicular field. A linear fit to 
the data is also shown, which is used for extraction of the regular field like term along 
y-axis. 
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